Abstract. The rate of evolution and the scope for phenotypic plasticity can be assessed by studying the adaptation of an introduced population to a new habitat and the response of established populations to progressive environmental change. Adult American shad (Alo sa sapidissima), an introduced species, and sockeye salmon (Oncorhynchus nerka), a native species, migrate up the Columbia River (northwestern United States) in late spring and early summer to spawn. Based on records from Bonneville Dam, the river's spring warming has occurred progressively earlier since a~~l950, coinciding with a reduction in spring discharge. The date when 50% of the shad migrated past the dam is correlated with this shift in thermal and flow regimes; they now ascend the river~m38 d earlier than they did in 1938. However, the mean temperature that they experience has actually decreased by 1.8°C in '15 yr. indicating that the change in their migratory timing has outstripped the rate of environmental change. The upriver migration of sockeye salmon is also earlier than in past years, but their change in timing (°°6 d since 1949) lags behind the rate of envi ronmental change, and they are now experiencing°°2.5°C warmer temperatures than in past years. We hypothesize that the differences in response to changing environmental conditions between these species arise from differences in their migration patterns and early life histories. Shad spawn soon after they enter the river in its main stem where environ mental conditions of the larvae will closely mirror those experienced by upstream-migrating adults. They may therefore have evolved a migratory pattern that allows greater behavioral response to environmental fluctuations than sockeye salmon, which spawn in distant lo cations many months after their upriver migration. Sockeye salmon migration may be more strongly controlled by innate responses to photoperiod, migrating at the time of year which is best on average because conditions in the lower river will not be indicative of those to be experienced by incubating embryos and juveniles.
INTRODUCTION
Populations adapt to local environmental conditions in many respects, including life history traits, behavior patterns, and morphology. These adaptations, often heritable but influenced by environmental conditions, have been investigated in many species, providing in sights into the biotic and abiotic selective pressures acting on natural populations. For example, the life histories of freshwater snail populations are influenced by flow, temperature, and food availability (Lam and Calow 1989a, b) , and guppies display a complex set of adaptations to physical habitat and predation risk (Endler 1995) . The adaptation of an introduced pop ulation to new habitats provides a way to estimate the rate of evolution and the scope for phenotypic plasticity (e.g., mosquitofish in Hawaii: Stearns l983a, b; rabbits in Australia: Williams and Moore 1989a, b) . As an example of local adaptation, it has long been recog nized that anadromous fishes in different rivers vary in phenotypic traits, and that this variation results from Manuscript received 10 March 1995; revised 1 August 1995; accepted 5 September 1995; final version received 6 October 1995. the isolation of populations by homing of adults to their natal areas. Milner (1876:323-324) noted that ". shad brought to the large markets show considerable difference in the physiognomy and general contour of those from different rivers. The suggestion is natural that they are distinct and separate colonies of the same species, and thus slight characteristics are perpetuated because they breed in-and-in and do not mix with those of other rivers."
Homing by anadromous fishes such as American shad, Alosa sapidissima (Nichols 1960 , Melvin et al. 1986 ) and Pacific salmon, Oncorhynchus spp. (re viewed by Quinn 1993 ) is now well documented, as is population-specific variation in a number of traits (shad: Carscadden and Leggett 1975a, b, Leggett and Carscadden 1978; Pacific salmon: Ricker 1972 , Taylor 1991 . One important local adaptation in anadromous fish populations is the timing of adult migration and spawning (Leggett and Whitney 1972 , Beacham and Murray 1987 , Brannon 1987 , Gilhousen 1990 . Vari ations in timing are generally assumed to be adaptations to the long-term average regimes of temperature, flow, and other physical factors experienced by adults and their progeny, and to the seasonal changes in biotic factors such as the abundance of prey or predators.
Natural environments are subject to cyclic changes and unpredictable disturbances, and life history traits can be viewed as adaptations to the magnitude and predictability of environmental fluctuations (Roff 1992 , Stearns 1992 . Animals can adapt behaviorally to short-term environmental variation, and long-term environmental changes can be accommodated through genetic selection. The relative importance of behavioral adaptation may vary among species with different life history patterns. Migratory timing is a heritable trait (e.g., Oncorhynchus gorbuscha: Taylor 1980, Gharrett and Smoker 1993; 0. mykiss: Siitonen and Gall 1989; Salmo salar: Hansen and Jonsson 1991) , but interan nual variation in migratory timing may also be cor related with such proximate factors as temperature and flow (Banks 1969 , Leggett 1977 , Jonsson 1991 . Leg gett (1985:277) explicitly linked migration to life his tory when he argued that migration patterns that re spond to environmental signals can ". . . reduce the impact of environmental variance on reproductive suc cess."
We hypothesize that in species with close links be tween the environments experienced by returning adults and their progeny (e.g., spawning within the mi gratory corridor and a brief larval period), adults should behaviorally adjust the timing of migration and spawning to optimize conditions for their young in re sponse to environmental variation. In contrast, species with larger spatial and temporal separation between the environmental conditions experienced by migrating adults and their offspring should have a primarily ge netic control over the timing of return to spawn. They should return at the long-term average optimal date, with less interannual variation in response to environ mental changes.
It has been known for over a century that the timing of adult American shad spawning migrations varies with latitude: populations farther south spawn months earlier than those in the north (Baird 1876 , Stevenson 1899 , Bigelow and Schroeder 1953 , Leggett and Whit ney 1972 , Rulifson et al. 1982 ). In addition, interannual variation in migratory timing is correlated with river temperature-colder temperatures delay migration, warmer temperatures advance it (Leggett and Whitney 1972) . This is consistent with our hypothesis because shad spawn in the main stems of rivers and have a brief (3-8 d) incubation period. Migrating adults thus ex perience conditions that will be closely correlated with conditions where and when spawning, incubation, and hatching occur, and these environmental conditions strongly affect larval survival (Crecco and Savoy 1987) .
In some Pacific salmon species such as sockeye (0. nerka) and chinook 0. tshawytscha, migration into freshwater may precede spawning by several months, precedes fry emergence by many months, and precedes the time of seawater entry by juveniles by a year or more (Groot and Margolis 1991) . In addition, the spawning and incubation areas are often spatially sep arate from the main-stem migratory corridor and may be subjected to different thermal and hydrological re gimes. We hypothesize that adult migratory timing in such species is determined primarily by the long-term optimal passage conditions (flow and temperature) and date of spawning, and these species should respond less strongly to interannual variations in temperature than shad. The timing of salmon migrations from the ocean to coastal waters correlates with temperature (sockeye: Burgner 1980 , Blackbourn 1987 , Quinn 1990 chinook: Mundy 1982) , but the interannual variation within pop ulations is much smaller than the variation among pop ulations migrating to discrete spawning areas within a large basin such as the Fraser River (Blackbourn 1987 , Gilhousen 1990 ). This indicates that the migration is primarily controlled by population-specific responses to cues such as photoperiod rather than species-specific responses to temperature, as may be the case in shad. Life history patterns (e.g., fecundity and iteroparity) are also much more plastic in shad (Leggett 1985) than Pacific salmon.
The existence in the Columbia River (northwestern United States; Fig. 1 ) of two species of anadromous fishes with contrasting life-history patterns presented an opportunity to test the hypothesis that life history pattern will co-vary with responsiveness to interannual variation in environmental conditions. American shad are native to the Atlantic coast of North America but were introduced to the Sacramento River (California, USA) in 1871, and by 1876 there were reports of mature shad in the Columbia River (Welander 1940) . In 1885 there was an additional planting into the Columbia Riv er, and the population has been self-sustaining. The population apparently grew rapidly, as almost 100000 kg were caught in Washington and Oregon in 1892, nearly a four-fold increase over the catch in 1889 (Wil cox 1895). American shad migrate up the Columbia River between May and July and spawn soon thereafter in the main stem of the river. Their incubation period is brief (3-8 d) , and the juveniles migrate to sea in the fall (Cheek 1968 , Hammann 1981 . Thus the temper ature regime experienced by migrating adults presum ably closely mirrors that which their progeny will ex perience during their incubation and initial freshwater rearing period.
As with shad, maturing sockeye salmon ascend the Columbia River in early summer primarily June and July. However, they do not spawn in the main stem in early summer; rather, the great majority presently spawn in tributaries of lakes Wenatchee and Osoyoos, in September and October (Mullan 1986 ). These sites are 842 and 986 km from the mouth of the Columbia River, respectively (Poe and Mathisen 1981) . Their em bryos incubate during the winter and emerge in spring. The.juveniles typically spend 1 yr in the lake adjoining their incubation site and then migrate to the ocean in the spring of their 2nd yr of life. This life history pat-THE COLUMBIA RIVER BASIN tern separates the environmental conditions experi enced by adults entering the lower Columbia River from those experienced by their embryos or their free swimming offspring.
The upstream migrations of adult Pacific salmon and shad, along with the river's discharge and temperature, have been monitored at Bonneville Dam (river km 234, Fig. 1 ) since its completion in 1938. Preliminary in spection of the data revealed both interannual fluctu ations in temperature and an increase in the spring and summer temperatures over the period of record. The fish migration and temperature data allowed us to test the hypothesis that sockeye salmon and American shad would respond differently to environmental change in a manner predicted by their life history patterns. Spe cifically, we hypothesized that sockeye salmon would show at most a slight correlation between temperature and migratory timing, whereas shad timing would be closely correlated with temperature change. We se lected sockeye because, unlike the other abundant spe cies of salmonids (chinook salmon, coho salmon [0. kisutchl, and steelhead trout [0. mykiss]), they are es sentially all wild, native, and produced in a relatively small number of systems with similar timing (see Mul Ian [1986] and Fryer [1995] for details of their history and status).
MATERIALS AND METHODS

Characteristics of the Columbia River
The Columbia River (Fig. 1) is the second largest river draining western North America, with a mean annual discharge at the Dalles (river km 306) of 5520 m3/s from 1879 through 1964 (Favorite et al. 1976) . Its drainage area (~671 000 km2) consists of a rela tively wet (>250 cm/yr precipitation) area west of the Cascades Mountains and a much larger, drier eastern basin. The river's unregulated flow regime peaks in June-July, reflecting snowmelt. In the 20th century the river has been progressively harnessed for hydroelec tric power, irrigation, and other uses. Because electric demand in the region is greatest in winter when natural flows are low, storage dams have been built in the upper parts of the basin to retain water in spring and summer and release it to generate electricity in winter. The riv er's hydrograph has been progressively flattened out (i.e., lower flows in spring and early summer and higher flows in winter), especially after the construction of Mica Dam, British Columbia, in 1973 , and the river now consists largely of a series of reservoirs.
Sources of data
The U.S. Army Corps of Engineers-Annual Fish Passage Reports (1938 Reports ( -1993 were the source of data on abundance and migration timing of American shad and sockeye salmon, and river temperature and flow. Fish Passage Reports prior to 1949 did not include daily records of flow or temperature. We were able to make some analyses from 1938 to 1993 by using results from Leggett and Whitney (1972) , but other analyses were restricted to the period 1949-1993. Water temperatures have been recorded at Bonneville Dam at the water intake of the first powerhouse. Due to the depth of the intake and roiling condition of water entering the pow erhouse's turbines, temperatures recorded here are con sidered to be a homogenous indicator of the river's telilperature.
Fish were visually counted from windows at the Bradford Island and Washington shore fish ladders of Bonneville Dam. The fish ladders serve as the primary routes of passage for migrating fish, although some fish use the dam's navigation lock while vessels are tran siting. From April 1 to October 31 (encompassing the shad and sockeye salmon spawning migrations) fish have been counted from 0400 to 2000 (Pacific Standard Time). During counting hours, personnel observe for 50 mm of each hour, with a 10-mm break. Simple ex trapolation of fish counted in 50 mm (n.[60!50]) pro vided an estimate of the number of fish passing in a particular hour. Nighttime video monitoring in 1992 and 1993 showed that almost no shad pass and <10% of the sockeye salmon pass through the ladder during the 8 h normally omitted from the counts. To preserve consistency in this study, night counts from 1992 and 1993 were not added to daytime counts. Data analysis Talbot (1953) and Leggett and Whitney (1972) used the date of "50% of the run" (i.e., day when half the annual total number of migrants had passed the dam) to indicate the peak of the run. This appeared to be an appropriate measure, since the frequency distribution of numbers of shad and sockeye passing the dam had consistently followed a normal curve with little kur tosis, and we have adopted this measure. We hypoth esized that the shad and sockeye salmon runs would be earlier than in the past due to warmer seasonal water temperatures, and performed a simple linear regression (Zar 1984) to test for a decrease in the timing of the peak of the run (x 0.05, one-tailed test). As a measure of the overall temporal distribution of the migration, we also calculated the days when 5% and 95% of each year's run was counted at Bonneville Dam.
McDonald (1884, cited in Leggett and Whitney 1972) first described the association of water temper ature with the timing of shad's spawning migration. Talbot (1953) used 15.5°C (60°F) as an index of spring temperatures for correlation with the shad run. Leggett and Whitney (1972) reported a significant correlation between run timing and the first day of the year when temperatures reached 15.5°C. We adopted this index, although both species tended to migrate at somewhat higher temperatures than 15.5°. To test the hypothesis that the lower Columbia River is warming to 15.5°C earlier in the year than in the past, we performed a simple linear regression of 15.5°date over the 56 yr of data ; cr = 0.05, one-tailed test). To pro vide additional perspective on changes in the river's thermal regime, we also determined the annual maxi mum temperature and the date of the peak, and the last fall day of each year when temperatures ≥15.5°C were recorded.
Linear regression was used to test for correlation between water temperature and spawning migration timing of each species, using the dates of 50% of the run and 15.5°C each year as the data (Zar 1984) . How ever, both migratory timing and temperature could show significant trends over time (hence a statistical correlation), yet have no underlying relationship. To determine whether the similar trends in migratory tim ing and temperature were merely the coincidental as sociation between unrelated variables, we calculated the residuals of the trends in temperature and migratory timing over the period of record. That is, we calculated the difference between the 15.5°date for each year and the overall trend, did the same with migratory timing, and then correlated these residuals. Regression of the residuals of peak-run date vs. 15.5°date yielded an r value that was used in the test statistic for linear cor relation. r H0:p=0: t (dfn-2), -r2)I(n -2) where p is the slope, r is the correlation coefficient, and n is the sample size (in years).
In addition to changes in temperature, the Columbia River has experienced dramatic changes in flow regime since the 1930s, and we also analyzed the data on mi gratory timing with respect to river flow. Talbot (1953) and Leggett and Whitney (1972) used the date when the river's flow decreased below 325 000 cubic feet! s-9200 m3!s-in their attempts to correlate flow and migration timing. However, river flows at Bonneville Dam have not exceeded 9200 m3!s in 9 of the last 21 yr, making this index impossible to apply. Furthermore, because 9200 m3!s now approximates the annual peak (it had previously been experienced in spring during a reduction in flow after the peak), its use as a reference seems inappropriate for present conditions. As an al ternative, we correlated migration timing with the mean river flow rate in June, as the migrations of both species at Bonneville Dam are rapidly increasing in June.
One might argue that relative temperature or dis charge (i.e., change over some period of time) might be more appropriate than absolute temperature or dis charge. There is a nearly infinite number of possible indices of these two physical variables that might have been used. Our approach was to propose a single index for each variable in advance rather than analyzing the myriad of possible (correlated) indices and reporting the one that best fit the data. We could have used stepwise multiple regression or other multivariate tech niques on the data to test which variable was better correlated with the migratory timing, but we rejected this approach because the selection of indices of tem perature and flow were themselves somewhat arbitrary, and thus multivariate analysis might be misleading.
To help assess the effect of temperature on these fishes, we developed the concept of the weighted-mean migration temperature of the annual run (J~~):
where n is the daily number of fish counted at Bon neville Dam, N is the annual total number of fish, and is the daily temperature.
T~is thus an estimate of the temperature that best characterized the migration of the population as a unit stock, by weighting observed temperatures by the num ber of fish migrating on days when that temperature was recorded. The formula could be modified to esti mate timing of other biological activities (e.g., spawn ing, death) with respect to temperature, or to other physical variables such as flow.
We hypothesized that shad timing would match in terannual variations in temperature closely, hencew ould not change over the period of record. We hy pothesized that the sockeye salmon migration would not closely match interannual temperature changes and that migration timing would vary little over time. Given a trend towards earlier spring warming of the river, sockeye salmon T~would be increasing over time.
RESULTS
Water temperature and flow patterns Based on simple linear regression, the date of first 15.5°C water has been occurring earlier over the period of record (30 d difference from 1938 through 1993; Fig. 2 ). However, inspection of the data suggested that between 1938 and about 1950 the spring warming oc curred progressively later; followed by a trend towards earlier spring warming since then. The date of annual maximum temperature of the river water at Bonneville Dam has not changed (Fig. 2) , but the maximum tem perature of the river has increased 1.8°C from an estimated 20.8°C in 1949 (Table 1) . Moreover, the date when the river cools to 15.5°C is now 17 d later (Table  1) . The average June flow of the Columbia River has decreased from°°14 000 m3/s in 1949 to =6000 m3/s at the present time (Fig. 3) . This change in flow has not only coincided with the change in 15.5°date but (Fig. 4) . The residuals of the 50% run dates were normally distributed about the regression. There was a significant correlation between the 50% run dates and 15.5°C dates (Table 1) . Residuals from the linear regressions of 50% run date and date of first 15.5°C water over the years were significantly corre lated (Table 1) . While the correlation analysis indicated that migra tion timing and spring warming both have been oc curring earlier in the year, and are correlated with each other, analysis of the weighted-mean migration tem perature (T~) showed a more complex pattern. Simple linear regression indicated that between 1949 and 1993 the shad run as a whole has been passing Bonneville Dam at cooler temperatures (Table U; the T~of shad has decreased by 1.8°C in 45 yr (Fig. 5) . Residual anal ysis of the weighted-mean temperatures showed normal distribution about the regression. The migration timing of shad was also correlated with mean flow in June, with higher flows being associated with later migration (Table 1) , and the residuals of the flow and timing patterns over the years were also correlated (Table 1) . These patterns were expected because flow and tem perature were correlated and temperature was corre lated with timing of migration.
Sockeye salmon migration timing Sockeye salmon are now very much less abundant than they were in the Columbia River in the late l880s on the Columbia River (Priest Rapids, rkm 639, mean = 43 800 from 1989 through 1993) and we infer that many shad spawn in this region near the confluence of these two rivers. However, some shad (mean = 3320) pass Lower Granite Dam on the Snake River (rkm 693).
The date on which 50% of the annual total number (formerly~2.2-2.6 X 106 fish; Chapman 1986). How ever~most of the reduction in abundance took place before construction of Bonneville Dam (Mullan 1986) , hence the counts fluctuated over the period of record but showed no clear overall trend, and averaged 88 800 fish. The daily counts of sockeye salmon passing Bon neville Dam were normally distributed around the peak of the run. Simple linear regression analysis shows that the peak of the run has become°°6 d earlier over the period of (Fig. 6 ) but the rate of change in migratory timing was less than that of American shad (comparison of slopes, Z = 6.70, P <0.001). Residuals of the dates about the regression were normally dis tributed. There was a significant correlation between the 50% run dates and 15.5°dates, and residuals from the linear regressions of 50% run date and date of 15.5°C water over the years were also correlated (Table  1) .
Despite the tendency to migrate earlier in the year than in the past, analysis of the weighted-mean migra tion temperature (i'~~,) showed that between 1949 and 1993, the sockeye salmon runs as a whole have been passing Bonneville Dam at warmer temperatures (Table  1) ; the~t~for sockeye salmon has increased by 2.50°C in 44 yr (Fig. 7) . Residual analysis of the weightedmean temperatures showed normal distribution about the regression. As with shad, the timing of sockeye salmon migration was correlated with mean June flow (Table 1) , and the residuals of the trends in flow and 50% run date over time were positively correlated.
DIscussioN
The dramatic changes in the Columbia River's tem perature regime allowed us to test our hypothesis that American shad timing would be closely correlated with temperature change whereas sockeye salmon would show at most a slight correlation between temperature and migratory timing. In general the data supported the hypotheses, but the patterns were more complex than we had predicted. The species differed in their re sponses to the river's changing thermal regime in a manner consistent with their different life history pat terns, but a combination of behavioral and genetic ad aptation to the changing environment may be taking place.
Shad migration has been correlated with tempera ture, among rivers differing in thermal regimes and within rivers, including the Columbia River (Leggett and Whitney 1972) , and our hypotheses were structured around temperature. The migration past Bonneville Dam now takes place >5 wk earlier than it did in the past. The correlation between the residuals of the tem perature and shad migration trends over time indicated that the similarity in trends between river temperature and shad migration was probably more than coinci dental. In the first years of the record, when spring warming was quite early, the shad migration was also earlier than would be predicted from a linear model incorporating all the data.
Our hypothesis that shad migration would closely follow environmental change was supported, but they are migrating up the river even earlier than would be predicted if they were cued by a particular temperature. up the Hudson River was late and at relatively warm temperatures, and that their migration at progressively cooler temperatures over time in the Columbia River reflects genetic change in addition to the behavioral response to thermal conditions. Talbot (1954:393) stat ed that ". . . the peak of the [Hudson River] run, as judged from the catch, occurs between the middle of April and the middle of May, at which time the tem perature averages 45°F to 57°F [7.2-13.9°C]. . . . [and] the specific dates of spawning . . . probably occur pri marily during the month of May in the Hudson River, at which time the fishermen obtain ripe fish and a few spawned-out fish. During this period the average 8 a.m.
[0800] temperatures [at Poughkeepsie, New York] were between 51°F and 62°F [10.6-16.7°C]." These migra tion temperatures (7.2 to 13.9°C) are much cooler and the dates earlier than those at Bonneville Dam.
Without knowing the timing of migration of shad during the 50 or more years between their establish ment and the first records at Bonneville Dam it is dif ficult to know how they initially adapted to their new environment. It seems likely that after they colonized the Columbia River their timing became later in the year than it had been in the Hudson River, then at some point (perhaps the decade following the construction of Bonneville Dam) it started to become earlier. It is interesting to note that the shad migration into the Sac ramento River system shortly after their introduction was relatively early but extremely protracted. "In the vicinity of San Francisco the principal part of the shad yield is obtained between February and May, but the market fishermen of San Francisco take larger or smaller quantities during every month. . . of the year" (Wil cox 1895:150). If the trend towards migration at cooler temperatures in the Columbia River reflects genetic ad aptation, presumably some features of the spawning or rearing environment presently favor lower tempera tures or earlier dates. The ecology of shad is poorly known in the Columbia River, and changes in the lower 50% run river and estuary have been complex (Simenstad et al. date 1992), making it impossible to isolate the selective factors that affecting shad timing. However, the mean age of shad (°~'°4 yr; Wydoski and Whitney 1979 ) is similar to that of Columbia River sockeye salmon (Fry er 1995), so both species would have had similar num bers of generations for selection to act.
The migration of sockeye salmon has also been get ting earlier over the period of record, but the rate of change has been slower than the rate of environmental change. The sockeye are thus experiencing warmer temperatures than in past years despite their earlier migration. This pattern is consistent with the hypoth esis that sockeye salmon would respond less strongly than shad to interannual variation in temperature but rather might respond primarily through the slower mechanism of genetic adaptation. We have no direct evidence of genetic change resulting from the thermal regime in Columbia River sockeye salmon, but migra tory timing is a heritable trait (Siitonen and Gall 1989 , Hansen and Jonsson 1991 , Gharrett and Smoker 1993 and it apparently can evolve when salmon are intro duced to a new environment (e.g., chinook salmon, 0. tshawytscha in New Zealand: Quinn and Unwin 1993) . Upriver migration to sites as distant as lakes Wenatchee and Osoyoos is energetically very demanding, as Gil- housen (1980) documented for sockeye salmon in the Fraser River. Prespawning mortality of adult Fraser River sockeye salmon can be considerable, especially for populations that migrate long distances, and such mortality has been correlated with water temperature (Gilhousen 1990) . Increased temperature might also re duce reproductive success by limiting energy available for gonads, intrasexual competition, or nest guarding. The migrations of shad and sockeye salmon were correlated with June river flow as well as temperature, and flow was itself correlated with temperature. Our hypothesis of the relative importance of environmental stimuli in controlling migratory timing in the species is supported regardless of whether flow or temperature is the cue because the patterns were similar for both variables and different for the two species. However, four lines of evidence indicate that temperature is the primary cue affecting migration in this case. First, the early pcriod of rccord showed a corrclation with tem perature but not flow (Leggett and Whitney 1972) . Sec ond, shad migrations in many rivers with different dis charge regimes are correlated with temperature. Third, temperature exerts a strong, direct control over the mat uration and incubation processes in many fishes where as the effect of flow would be less direct. Consistent with our hypothesis that the relationship between tem perature and migration should differ between salmon and shad, photoperiod synchronizes endogenous rhythms controlling maturation of salmonids (e.g., Combs et al. 1959 ) and usually exerts a stronger control than temperature (Beacham and Murray 1988) . Tem perature exerts a stronger influence on maturation, rel ative to photoperiod, in most teleosts than in salmonids (Bye 1984) , and clupeid reproductive schedules vary greatly from year to year in association with temper ature (Irwin and Bettoli 1995) . Salmonid oocytes re main viable in the body cavity for a longer period after ovulation than in most teleosts, and ovulation is con trolled less strongly by immediate environmental con ditions (Stacey 1984) . Fourth, there is ample evidence that migratory fishes respond to small differences in temperature (e.g., Collins 1952, Major and Mighell 1967) . Changes in discharge can trigger migration in smaller rivers (e.g., Smith et al. 1994 ), but in the Co lumbia River the velocity at any place would be related to discharge in a complex way, depending on the river's morphology. The discharge and velocity in the ladders where fish are counted vary little if at all, despite large changes in the main river; but temperature in the ladders reflects the regime in the river.
The Columbia River basin and its fish populations have been affected by many factors over the last cen tury and it is impossible to prove that the changes in migratory timing are not related to some aspect of the system not under analysis. However, three obvious con founding factors can be largely discounted. First, the commercial fishery could affect the timing of arrival at Bonneville Dam by selective removal of components within a season and by genetic selection on timing. However; the fishing rate on sockeye salmon has been much too variable to account for the trend in timing over the years, the fishery has been closed in more than half of the last 20 yr (Fryer 1995) , and shad are not heavily fished. Second, the changes in migratory timing that we documented might merely reflect responses to changes in the temperature or other conditions in the spawning and incubation habitats. However, the spawn ing dates of sockeye salmon in the Wenatchee and Oso yoos systems do not seem to have changed over the period of record (Charles Peven, [Chelan County Pub lic Utility District, Wenatchee, Washington], personal communication). Third, changes in the relative abun dance of populations with different migratory timing could generate an apparent change in timing of the species. Impassable dams built between 1910 and 1939 eliminated all Columbia River sockeye salmon popu lations as entire units except the Wenatchee, O~oyoos, and Snake River populations (Mullan 1986 ). The Snake River (Redfish Lake) population is almost extinct, hence Wenatchee and Osoyoos now account for vir tually all sockeye salmon in the basin. Their relative abundance varies greatly but has shown no trend (Fryer 1995) , and their migratory timing is sufficiently similar that interannual variation in abundance could not have been responsible for the apparent trends in migratory timing.
The salient findings regarding environmental con ditions were that the lower Columbia River has been warming earlier in the spring, attaining higher peak temperatures, and remaining warm later in the fall than in previous years. We analyzed the data with linear models, but inspection suggested some nonlinearity. Specifically, the spring warming seemed to occur later from 1938 to about 1948, then get progressively earlier.
The altered thermal regime has coincided with the re duction in spring river discharge associated with the increasingly intensive management of the river for hy droelectric production. Water is stored during the spring runoff period for release during the winter, re ducing the spring flows and increasing flows in fall and winter.
Unlike the flow regime, the change in temperature regime has been neither planned nor widely noted. Ebel et al. (1989) indicated that summer temperatures below storage reservoirs were cooler than in pre-development years but made no mention of warmer temperatures in the lower river. Several recent models of climate change and flow (Lettenmaier et al. 1992 ) and salmon in the Co lumbia River basin did not mention the trends in tem perature during the last 4-5 decades. It is likely that the progressive changes in flow regime and surface area that accompanied the many dams in the basin would have altered the temperature regime, given a constant climate. However, there is some evidence for a warm ing climate in western Washington (Lettenmaier et al. 1994) , and the June and July mean temperatures in the Fraser River (a large, adjacent basin without main-stem dams) have been correlated with those at Bonneville Dam (1954 and 1993 [July], Spearman's rank correlation, P < 0.01, data provided by Scott Hinch, University of British Columbia). In any case, the flow and temperature of the Columbia River not only showed trends over the same time period, but the residuals of the time trends were correlated. That is, in years with higher-than-average flows for the overall trend in flow over time, the water temperatures were cooler than would be expected from the overall trend in temperature over time. This correlation made it im possible to establish statistically which factor had the sole or primary effect on fish migration.
The focus of our analysis was the upstream migration of adult anadromous fishes but the observed changes in temperature and discharge could also affect juveniles and resident fishcs (Li ct al. 1987) . Juvenile salmon commence seaward migration from distant parts of the basin at appropriate months, based on the relative ben efits of feeding in the freshwater and marine environ ments and the required travel time. To the extent that river management has slowed travel times (Raymond 1988, Berggren and Filardo 1993) , smolts may arrive in the lower river and estuary after the optimum date. The lower river is now warming earlier than in previous years, so the mismatch between salmon arrival time and foraging conditions may be magnified. Predation rate by northern squawfish, Ptychocheilus oregonensis, and non-native predators also increases with temper ature (Vigg et al. 1991) , hence arrival of smolts at a fixed date (or one delayed by slower passage) could increase mortality. Consistent with this possibility, subyearling chinook salmon migrating early in the year produced more adults than those migrating later in the year (Giorgi et al. 1990 ). The changes in peak summer temperature and delayed cooling in the fall might also affect migrants and resident fishes, and such effects should be scrutinized.
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